Abstract. We have investigated the structural properties and electronic properties of the zircon-type and the scheelite-type YVO 4 using first-principles method and by considering Engel-Vosko exchange correlation energy functional. The calculated lattice parameters and the atomic positions of the zircon-type YVO 4 are in good agreement with the experiment. We also found from this study that YVO 4 is stable in the zircon-type, and the calculated phase transition pressure from the zircon-type structure to the scheelite-type structure is about 5.92 GPa, which compares well with the experimental value of 7.5 GPa. From the density of states and band structures, the linearized augmented plane wave (LAPW) calculations indicate that the minimum band gap of YVO 4 is located at the À point at the center of the Brillouin zone, for both phases. The calculated band gaps are 3.2 eV and 2.8 eV for the zircontype phase and the scheelite-type phase, respectively.
Introduction
A great progress has been done in the last years in the study of the pressure-effects on the structural and electronic properties of materials, including metals, semiconductors, superconductors, or minerals. In particular, the highpressure structural sequence followed by these compounds seems now to be better understood thanks to recent experimental and theoretical studies. An accurate first-principles method of calculating the structural properties of such materials are, therefore, very valuable. Such calculations can also predict pressure-induced phase transitions. Theoretical studies of such phase transitions have been of special interest over the last three decades. Compounds of the family ABX 4 are widely used as solid state scintillator materials, laser host materials, in opto-electronic devices, etc. So there is a renewed interest in the study of the phase transition behavior of these systems. Among the extensively investigated systems of this family are orthovanadates [1] , and most of these compounds crystallize either in the zircon-type [space group I4 1 /amd, Z ¼ 4] or the scheelite-type structure [space group I4 1 /a, Z ¼ 4] at ambient conditions. Yttrium orthovanadate YVO 4 crystallizes in the zircon-type structure at ambient conditions. The compound is attractive for technological applications owing to its properties such as large refractive indices, non-linear coefficients, birefringence and effectively no infrared absorption from 2.5 to 15 mm [2] . Yttrium orthovanadate YVO 4 can be considered as the oldest laser host crystal for Nd 3þ ions [3] [4] [5] , as well as being a highly efficient red-emitting phosphor when doped with Eu 3þ [6] . Due to its high birefringence, YVO 4 is an excellent synthetic substitute for calcite (CaCO 3 ), and can provide crystalline polarizers for the mid-infrared (as Wollaston, Rochon, and Glan prisms) [7] . In the last decade, Nd 3þ -doped YVO 4 has been successfully used in laser-diode pumped microlasers (see, for example, Refs. [8] [9] [10] ). The high pressure properties of similar compounds are interesting since at moderate pressures (8 GPa) the zircon-type structure transforms to a denser scheelite-type phase [1, [11] [12] [13] [14] , irreversibly whereas at lower temperatures 40 K some of orthovanadate family members transform to a lower symmetry structure via a cooperative Jahn-Teller transition [19] . The pressure dependences of the Raman active modes in yttrium orthovanadate YVO 4 crystallizing in the zircontype structure (I4 1 /amd), have been studied by Jayaraman et al. [1] using a diamond anvil cell up to 15 GPa where they have shown that at room temperature the zircon-type structure transforms to the scheelite-type structure (I4 1 /a) with a ¼ 5.04 # A and c ¼ 11.24 # A near 7.5 GPa. The electronic structures of the zircon polymorph of YVO 4 have previously been reported both experimentally and computationally [20, 21] . They were interpreted from the VO 3À 4 molecular orbital diagram as the Y 3þ cations make a negligible contribution to the electronic structure near the Fermi level. In contrast, the Y 3þ cation orbitals have a considerable impact on the positions of the valence and conduction band edges in this compound. Mechanical properties have also been calculated and reported by Jian Zhang et al. [15] .
However detailed characteristic of YVO 4 have not been well investigated. We therefore think that it is worthwhile to perform calculations using the full-potential linearized augmented plane wave method (FP-LAPW) method in order to complete the exciting experimental and theoretical works on this compound.
Computational details
The equilibrium structure, phase transition pressure and electronic properties of YVO 4 were determined using the Vienna package Wien2k [20] . This is a full-potential linearized augmented plane waves (FP-LAPW) method within the density functional theory (DFT) [21] . We used the generalized gradient approximation (GGA) proposed by Engel and Vosko (GGA-EV) [22] which has been designed to give a better exchange correlation potential and it is known to yield the smallest band gap underestimation error in DFT. Relativistic effects are taken into account via the scalar approximation. Muffin-tin (MT) sphere radii of 2.17, 1.61 and 1.43 Bohr were used for Y, V and O atoms, respectively. The valence wave functions inside the MT spheres were expanded into spherical harmonics up to l ¼ 10 and R mt Á K max were taken to be 8.0. We used 1000 k-points in the Brillouin zone for the zircon-type structure and 1300 k-points for the scheelite-type structure. The self-consistent calculations were considered to be converged only when the total energy cycles converge to within 0.1 mRy/atom.
Results and discussion

Structural properties and phase transition
The conventional unit cells of the zircon-type (space group I4 1 /amd, No. 141) and the scheelite-type (space group I4 1 /a, No. 88) structures are body-centered tetragonal and contain four formula units. A primitive cell containing only two formula units can be defined. In order to illustrate the relative arrangement of cations unambiguously, we choose V positions as the origins of the unit cells, as shown in Fig. 1 . In both structures, the V ions are tetrahedrally coordinated by O ions, but with different interatomic distances and angles. In the zircon-type structure, the Y and V atoms are located at (0, , where x 2 , y 2 and z 2 are internal parameters. The zero-pressure structural parameters of the zircon-type and the scheelitetype YVO 4 are summarized in Table 1 . The lattice parameters and the oxygen positions of the scheelite-type phase are calculated for the first time. For the zircon-type phase, our calculated lattice parameters are in excellent agreement to the experimental results of Wang et al. [23] . We obtain good lattice parameters, however the bulk moduli are larger than the measured ones. The bulk modulus (B) was evaluated from the Birch-Murnaghan equation fit to determine the equation-of-state (EOS) which determines the variation of total energies as a function of the unit cell volume.
The calculated bulk modulus is B ¼ 164 GPa for the zircon-type phase and B ¼ 186 GPa for the scheelite-type phase. The scheelite-type phase bulk modulus is larger than that of the zircon-type phase and it reveals that the scheelite-type phase is more difficult to compress than the zircon-type phase. This is reasonable since the scheelitetype phase is the high-pressure phase which is more closely packed than the zircon-type phase. In the Fig. 2 the intersection of convex curves representing EOS fit of the scheelite-type and the zircon-type implies that the phase transition exists.
By calculating the enthalpy (E þ PV) of the phases, we find the pressure at which a first-order phase transition occurs at T ¼ 0 K. At transition pressure, the enthalpies for two phases are equal and a stable structure is the one for which the enthalpy has the lowest value. We find that the calculated transition pressure from the zircon-type phase to the scheelite-type phase occurs at 5.92 GPa, which compares well with the experimental value (7.5 GPa) reported by Manjon et al. [24] . The volume of the zircon-type phase is decreased by 8.49% compared to the scheelite-type one.
Density of states (DOS) and band structures
We have calculated the electronic structure of the two phases; the DOS is computed by the tetrahedron method [25] (which requires many k-points). From the eigenvalues and eigenvectors solved at a sufficient number of k-points in the Brillouin-zone, the total DOS can be projected into its partial components or partial DOS (PDOS) with respect to the different atoms. In Figs. 3 and 4 , we present both the calculated DOS and the bands structures obtained for the zircon-type and the scheelite-type phases, respectively, of the constituting atoms of YVO 4 within the valenceband and conduction-band regions. The Fermi level corresponding to zero of energy E ¼ 0 has been taken at the top of the last occupied band as it was suggested in a number of theoretical first-principles band-structure calculations. The valence band of YVO 4 = 2 ). YVO 4 is a direct-gap material in its both phases; the maximum of the valence band and the minimum of the conduction band are both located at the À point in the center of the Brillouin zone. The shapes of the band dispersions for both phases look very similar to each other, as displayed in Figs. 3(b) and 4(b) . According to the present FP-LAPW calculations calculations using the Engel-Vosko exchange correlation energy functional [22] , the values of the direct gap in YVO 4 equal to 3.2 eV in the zircon-type phase and 2.8 eV in the scheelite-type phase. However, it is necessary to mention that first-principles calculations made within the other GGA approximations generally underestimate somewhat the energy gap of semiconductors and insu- lators [26] . As a result, we can consider that the value E g ¼ 3.2 eV obtained theoretically in the present FP-LAPW calculations for YVO 4 is in good agreement with experimentally measured value E g ¼ 3 eV reported by ZhiPeng et al. [18] for this material. The first region of the conduction band ranging from 3 to 6 eV and 3 to 5.5 eV for the zircon-type and the scheelite-type YVO 4 First-principles calculations reveal that in the two phases the O 2p-like states dominate the upper part of the valence band and have significant contributions throughout the main portion of the valence band; however the V 3d-like states contribute mainly near the bottom of the conduction band. It is necessary to mention that the linearized augmented plane wave (LAPW) calculations indicate that the minimum band gap of YVO 4 is located at the À point at the center of the Brillouin zone, for both phases.
Conclusions
We have investigated the structural properties and electronic properties of the zircon-type and the scheelite-type YVO 4 using first-principles method. The calculated lattice parameters and the atomic positions of the zircon-type YVO 4 are in good agreement with the experiment. The calculated phase transition pressure from the zircon-type structure to the scheelite-type structure is about 5.92 GPa, which compares well with the experimental value of 7.5 GPa. The calculated bulk modulus is 164 GPa for the zircon-type phase and 186 GPa for the scheelite-type phase. The scheelite-type phase bulk modulus is larger compared to that of the zircon-type phase and it reveals that the scheelite-type phase is more difficult to compress than the zircon-type phase. From the density of states and band structures, LAPW calculations indicate that the minimum band gap of YVO 4 is located at the À point at the center of the Brillouin zone, for both phases. The use of the Engel-Vosko scheme has improved the results quite considerably; the calculated band gaps are 3.2 eV and 2.8 eV for zircon-type and the scheelite-type phase, respectively. We also conclude from this study that YVO 4 is stable in the zircon-type phase. It is necessary to mention that in the two phases we found that the O 2p-like states dominate the upper part of the valence band and have significant contributions throughout the main portion of the valence band; however the V 3d-like states contribute mainly near the bottom of the conduction band, while Y atoms are lying far from the Fermi level.
